grants.nih.gov/grants/guide/notice-files/NOT-OD-15-158.html). The successful completion of these studies is therefore a significant accomplishment.
Chimera Formation in Rodent Species Using CRISPR with Interspecies Blastocyst Complementation
The formation of human-animal chimeras is not a new concept. There are numerous examples in the literature of hPSCs contributing to chimeric embryo formation in rodent hosts [2] [3] [4] [5] [6] . However, none of these has achieved high levels of chimerism in an embryo, much less produced a viable chimera. Indeed, generation of chimeras between any two species, even related ones, is a challenge, and has only been successful between mouse species, between rats and mice, and between goats and sheep [7] [8] [9] . Such chimeras have been formed by combining blastocyst cells from the two species into a single embyro, either by aggregation or injection.
Based on these previous studies, Wu et al. [1] begin their experiments in rodent blastocysts. To distinguish donor cells from the host, the authors label rat pluripotent stem cells with a genetically encoded red fluorescent marker (humanized Kusabira Orange, or hKO), introduced by transfection or viral transduction. This labeling method is convenient, as it can be applied to any cell line of interest. However, because the hKO DNA is introduced exogenously, there is a risk that it might label non-donor cells (for instance, feeder cells in hPSC cultures, or cells of the recipient embryo), resulting in false positives. It is therefore significant that the authors utilize secondary methods, such as species-specific RT-PCR and immunostaining, to confirm their findings.
In the first set of experiments, the hKO-labeled rat stem cells were injected into mouse blastocysts followed by embryo transfer into surrogate mice. "Robust" chimerism is observed, which means that ~20% of embryos show some evidence of chimerism. However, when quantified by RT-PCR, the actual contribution of rat cells to mouse tissues is low, ranging from less than 0.01% up to a maximum of 10% of all cells within an organ, and typically less than 1%. This quantitative analysis appears to have been performed on a single mouse, making it difficult to generalize. Red fluorescent cells were also observed in the gall bladder, an organ that does not form in rats, although confirmatory RT-PCR data for this is not presented.
Having established this baseline for rat-mouse chimerism, the authors proceed to test a technique called interspecies blastocyst complementation (IBC), which was introduced in 2010 as a variation on the classic blastocyst complementation technique [8, 10] . In IBC, the recipient blastocyst carries a mutation that makes it deficient in a particular type of tissue or organ. This creates a genetic vacuum (niche) that can be filled only by the interspecies cells, greatly increasing the level of chimerism within that organ. Here, the use of the CRISPR-Cas9 gene editing system is developed for this purpose. Cas9 is a programmable endonuclease that can be co-expressed with a guide RNA to introduce double-stranded breaks at specific genetic loci [11] . The use of CRISPR-Cas9 enables testing of IBC in a variety of different organs. The authors state that ~50% of their CRISPR-targeted mice were knockouts (homozygous nulls), as opposed to just ~20% mosaics, which is a very impressive rate of mutagenesis. As even a low degree of mosiacism in the target organs could drastically affect the outcome of these experiments, including the raw genotyping data would have been useful here.
Armed with the CRISPR-IBC technique, the authors perform IBC experiments at a scale not previously attained. They succeed not only in reproducing the "rat pancreas in a mouse" experiment by targeting Pdx1, but also in generating rat heart and eye in a mouse by targeting Nkx2.5 and Pax6, respectively. The resultant organs are "enriched" for rat cells, meaning that they contained donor cells but are not pure. For instance, endothelial cells within the IBC pancreas are derived from the host and not the donor. It seems likely that knockout of multiple genes simultaneously will be required to enable generation of a "pure" human organ in an animal (Fig. 1) .
Notably, although chimeras with hearts enriched with rat cells could be obtained in CRISPR-mutant Nkx2.5 embryos, and the hearts appear normal, these embryos fail to survive to birth (12/12 embryos). Similarly, it has previously been observed that kidney agenesis in Sal1 -/-mouse embryos can be rescued using blastocyst complementation using cells from wild-type mice, but the resultant animals do not survive until adulthood [12] . Furthermore, rat cells do not succeed in rescuing kidney development in these embryos, pointing to a specific incompatibility between mouse and rat [12] . Collectively, these findings indicate that IBC in certain organs may be incompatible with life, for reasons that are not clear.
Human Chimerism In Embryos of Large Domestic Species
Having introduced techniques to generate interspecific chimeras in rodent species, the authors shift gears to attempting chimerism between humans and larger do- 44 mestic species, including cows and pigs. The use of such larger host animals may be required for the vision of "farming organs" to become a reality, as the size of their organs is much closer to that of humans. Here, the experiments in larger animals are limited to the formation of "wild-type" chimeras, whereas IBC is not attempted. Nor is the goal to produce a viable chimera, as in all cases, the experiments were terminated early in gestation. Rather, the aim of these experiments is to determine which cells, if any, can engraft in domestic species during the early stages of embryogenesis.
Initially, the authors attempt to implant mouse and rat pluripotent stem cells into pig embryos, but no contribution from these cells is observed after three weeks of gestation, in a total of 45 embryos. A cohort of human iPS cells is then tested for their ability to survive in pig and cattle blastocysts. These represent a spectrum of pluripotent states, ranging from "naïve" hPSCs modeling the inner cell mass of the pre-implantation blastocyst, to "primed" hPSCs modeling the implantation-stage embryonic epiblast ("primed"). Although hPSCs in cell culture favor the primed state, naïve (also called ground state) hPSCs have been isolated by several groups using chemically defined conditions [4, 13, 14] . In this case, the cohort examined includes iPS cells derived in 4 different conditions, known as NHSM, FAC, 4i, and 2iLD. The first three of these represent the use of different media formulations for iPS cell derivation, whereas the 2iLD condition also involves the exogenous expression of pluripotency genes in primed hPSCs to "revert" these to a naïve state.
Importantly, all of these hPSCs appear to have been freshly derived by the authors from the same parental human fibroblast cell line -otherwise, these lines would be impossible to compare to one another, due to differences in history and genetic background. Non-integrating episomes were used to reprogram these fibroblasts, which reduces the likelihood that differences between lines might be due to off-target effects of genetic integration. Each of the new lines is shown to form teratomas in immunodeficient mice, demonstrating that they are bona fide pluripotent cells. However, the purity of the undifferentiated cultures is not reported, and the images suggest possible contamination with differentiating descendant cells. It is also unclear whether the authors used multiple hPSC lines for each condition, or only a single clone. As every hPSC line is different, the use of multiple lines for each condition is a prerequisite for comparing them in a robust and reliable way. Inclusion of these data and details would make this experiment more compelling and easier to interpret.
The cohort of hPSCs is subsequently labeled with a fluorescence tracer, similar to the rodent cells. When primed hPSC lines are injected into pre-implantation blastocysts (10 cells/embryo), they do not survive. This is not surprising, given the mismatch between the developmental stage between cell and embryo, and the propensity of primed hPSCs to undergo apoptosis upon dissociation [3, 15] . In contrast, when the naïve hPSC lines are injected, they are detected in the embryos after 48 h of incubation in vitro, and maintain pluripotency marker Fig. 1 . Growth of human organs in pigs. A conceptual rendering is shown depicting the possible use of IBC to produce organ-specific chimeras in large domestic species. Implantation of naive hPSCs into a SALL1 -/-porcine embryo (left) results in the formation of a blastocyst chimera. The "wild-type" (WT) human cells establish an organogenic niche within the developing embryo, enabling it to grow a kidney. Human cells contribute negligibly to the rest of the animal. As the kidney is a complex organ, involving many different cell types, only part of the kidney is human, whereas other parts are pig and would be highly vulnerable to immune rejection in patient recipients. expression. Although in most cases the number of human cells in the embryos decreases over 48 h, a modest ability to proliferate is also observed in some of the experiments, particularly the NHSM cells in cattle embryos.
Using these optimization experiments as a baseline, the researchers further test whether these naïve human cell lines contribute chimerically to pig embryo tissues. To do this, they perform injections of over 2,000 blastocysts, resulting in ~200 embryos for analysis three weeks later. One-third of these embryos showed some evidence of fluorescent cell contribution, and showed increased growth retardation, compared to non-fluorescent controls. In only one of the conditions (FAC), thought to represent an "intermediate" cell type between naïve and primed pluripotency, could human cells be clearly detected in the resultant embryonic tissues, which co-localized with lineage-specific markers such as smooth muscle α-actin and neuron-specific β-tubulin. However, human-pig chimerism was observed to be much lower than that in rat-mouse chimeric embryos. In this regard, it would be interesting to perform these assays with "EPS" cells, a recently derived condition that is transcriptionally distinct from naïve and primed, and which promotes hPSC chimerism in rodent recipient embryos [16] .
Conclusions and Outlook
Overall, the studies described in this paper are bold and advance the state of the art of human-animal chimerism. Interspecies chimerism remains highly inefficient, which makes the resulting numbers of embryos for analysis rather low. It is therefore difficult to draw strong, quantitative conclusions regarding which methodologies work best. At both the technical and conceptual levels, there are also certain deficiencies. The experiments presented are highly descriptive, and the link between the first and second halves of the paper is tenuous. It is not always clear how representative some of the images and charts are, and some analytical data appear to have been gathered from just one sample, even though they are depicted with error bars. There are also several examples of "data not shown," including the substitution of summary charts for raw data that would have been useful to see, and omission of certain important details. Despite these limitations, the experiments presented are convincing in their general conclusions, which are as follows: (1) chimerism can occur between humans and large animals, although it is highly inefficient; and (2) CRISPR-IBC can be used to increase chimerism levels between rodent species.
In the long term, the study provides perspective into the potential of "organ farming" as a therapeutic approach, and highlights some of the challenges that will need to be overcome if this vision is to translate into clinical reality. Contemporaneously with this publication, it was demonstrated that mouse pancreatic islets, generated by IBC in rats, could be transplanted into diabetic mice to rescue blood glucose levels [17] . Blastocyst complementation has been shown to work in pigs, although this is technically challenging, and IBC has not yet been attempted [18] . A logical next step for the field is to test IBC in large animals.
As the human body will very rapidly reject any type of cell from a foreign species, IBC techniques will need to improve to the point where the organ is relatively pure, including endothelial, stromal, and possibly also resident immune cells. Thus, multiple genes will need to be targeted simultaneously, which will reduce the efficiency of chimera generation. Another issue raised by this paper is that IBC in certain organs may be incompatible with life. One reason for this may be that many organs arise from complex interactions between different cell types, which may fail in developing organs due to incompatibilities between cells of different species. For instance, researchers have been unsuccessful in using IBC to produce rat kidneys in Sall1 -/-mice, possibly due to incompatibilities between mouse ureteric bud cells and rat metanephric mesenchyme cells, which would need to induce one another to form nephrons [12] . This issue might be overcome by performing IBC in compound-mutant mice lacking both ureteric bud and metanephric mesenchyme, both of which would need to derive from the donor species and would therefore be mutually compatible. For these reasons, a "pure" human organ grown in an animal might develop more successfully, and be more compatible with life, than an organ that is part human and part animal. Generating "pure" organs is therefore an important frontier that might improve both the efficiency of IBC organ generation and their fitness for eventual use in the clinic (Fig. 1) .
To date, no viable human-animal chimera has been produced via blastocyst injection. In addition to the technical challenge involved, scientists have been very cautious not to overstep ethical and legal boundaries surrounding the creation of such creatures. On the one hand, there are concerns that donor human cells could contribute to the formation of chimeric brains or germ cells, which would raise questions related to human rights and dignity. On the other hand, society has an ethical responsibility to explore new sources of transplantable organs for the many patients in need, whose numbers far exceed the official waiting lists [19] . Ultimately, for this field to progress and translate into therapies, it will be necessary to break the viability barrier and produce live human-animal chimeras, in which the formation of human tissues can be appreciated by eye. IBC provides a strategy for doing this in a tissue-specific and ethically responsible way. Based on this study and related studies, we can predict that rates of human chimerism in non-targeted organs will be very low (less than one-tenth of one percent), whereas substantial chimerism will be observed only in the organ targeted by IBC [1, 4, 5] . It should therefore be possible to generate specific human organs, such as hearts or lungs, in animal hosts, without accidentally generating human brains or fetuses. Such an accomplishment will be an important step toward modeling and treating disease, to alleviate the suffering of all creatures.
